Leishmaniasis is an endemic disease in 98 countries and is caused by a protozoan parasite of the Trypanosomatidae family and Leishmania genus. There are approximately 0.2-0.4 and 0.7-1.2 million annually new cases worldwide for visceral (VL) and cutaneous (CL) leishmaniasis, respectively [1] . The known causative agents of CL include several species as L. major, L. tropica, and L. mexicana [2]. Leishmania are intracellular parasites with 2 principal forms including (i) an extracellular promastigote form in sandfly vectors and in vitro culture and (ii) an intracellular amastigote form in mammalian macrophages.
method with Giemsa-staining and the counting of amastigotes in macrophages [9] . Other methods, such as the MTT cell viability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [10] , the Almar blue assay [11] , and radiolabeled precursors [12] , are used to determine the inhibitory potential of drugs. However, there are various drawbacks such that these methods are not widely applicable for screening several drugs at the same time [13] . Some problems that prevent their routine laboratory use include technical mistakes owing to lack of automation, steps that require high manipulation, their laborious nature, and potential health hazards from some reagents such as radioactive nucleotides [14, 15] .
Recently, reporter genes such as green fluorescent protein (GFP), luciferase (LUC), and other colorimetric enzymes like chloramphenicol acetyl transferase (CAT), β-galactosidase, and secreted alkaline phosphatase (SEAP) were used in different experiments as promising tools for monitoring disease progression and cell biological and antimicrobial activity against different pathogens [16, 17] . Among the reporter genes, GFP and LUC are more attractive due to their benefits under different conditions; in vitro, ex vivo, and in vivo [18] .
GFP is intrinsically fluorescent and can be detected easily and directly, without the need for any extra processing, by several instruments such as the fluorescent microscope, fluorimeter, and fluorescence-activated cell sorting (FACS). Among different reporter genes, LUC has been introduced as a more efficient reporter in the HTS mode [16, 19] for drug screening [20] due to its high sensitivity and low background.
Despite many benefits, several limitations of EGFP (high background) [8, 14] and LUC (high expense and cell lysis that makes it impossible to repeat the same experiment [14] have restricted their usage [14, 19] . Recently, scientists have been interested in transiently or stably manipulating many species and strains of Leishmania to provide reporter parasites. Recombinant pathogens that express more than 1 reporter gene were generated to estimate the infection level with more accurate visibly and quantitatively through different signals derived from their expression by several instruments [21] . Hence, a dual reporter gene was developed in several pathogens such as Plasmodium [22] and some types of viruses, including hepatitis [21] , to maximize the benefits of reporter genes.
Herein, we used a recombinant L. major that stably expresses 2 fused EGFP and LUC reporter genes. These exogenous genes were integrated into the 18S rRNA locus in the genome, and the host RNA polymerase I performed their cytosolic expression. The main purpose of this study was to evaluate the impact of reporter gene expression on the infectivity potential of recombinant parasites and NO production in infected cell lines. Also, we compared parasite sensitivity against amphotericin B (AmB) on different lines of parasites (wild-type and recombinant) and infected cell lines.
MATERIALS AND METHODS

Parasite and cell culture
Wild-type (WT) L. major parasite (strain MRHO/IR/75/ER) was grown at 26˚C in M199 medium (Sigma, Deisenhofen, Germany) supplemented with 5% hi-FCS (heat inactivated-fetal calf serum) (Gibco, Paisley, UK), 40 mM HEPES, 0.1 mM adenosine, 0.5 µg⁄ml hemin, 2 mM L-glutamine, and 50 µg⁄ml gentamycin (Sigma). Two recombinant lines, L. major EGFP [19] and L. major EGFP-LUC [23] , encoding the EGFP and EGFP-LUC genes, respectively, were cultured under the same conditions after the integration of reporter genes into 18S rRNA locus. To maintain infectivity potential, 3 different lines of parasites were passaged in female BALB⁄c mice. Promastigotes in the stationary phase (at 5 days) were used to infect cells. Two macrophage cell lines, B10R (an immortalized murine bone marrow-derived macrophage cell line, a gift from Prof. Martin Olivier, McGill University, Canada) and THP-1 (an immortalized human macrophage) were used. The B10R cells were cultured in phenol red-free DMEM media (Sigma) supplemented with 10% hi-FCS and incubated at 37˚C in humidified atmosphere with 5% CO2. Suspended THP-1 cells were stimulated and differentiated by 50 ng/ml of PMA (phorbol 12-myristate 13-acetate, Sigma) in RPMI media (Sigma) with 10% hi-FCS to adhere overnight before use.
In vitro infectivity
The cells were harvested and seeded at a density of 3× 10 ) and incubated at 37˚C with 5% CO2 overnight. After 4 hr, non-internalized parasites were removed by washing with culture media or PBS.
NO quantification by Griess reaction assay
Parasite-infected B10R cells were treated with various con-centration (10, 50, 100, and 200 ng/ml) of recombinant murine interferon-γ (Gibco, Eggenstein, Germany) alone or in combination with 10 ng/ml LPS derived from Salmonella abortusequi (Gibco) 24 hr post-infection and were further incubated at 37˚C for 6, 24, and 48 hr. Supernatants were collected at indicated time points to measure the produced NO using the Griess test [7] . Briefly, the supernatants were mixed with Griess reagent (1% sulphanilamide, 0.1% naphthylethylendiamine dihydrochloride, 3% H3PO4 in H2O) (all reagent from Sigma), incubated for 5 min at room temperature and the absorbance was measured at 570 nm. Non-infected/non-treated cells, nontreated/infected cells and non-infected/treated cells were used as controls. NO concentration was calculated using a standard curve obtained from a serial dilution of sodium nitrite.
Amphotericin B (AmB) treatment in cell culture AmB (Photericin B, Cipla, India) was reconstituted in culture medium as stock. Different concentrations of AmB (ranging from 0.03 to 2.7 µM) were prepared and added directly to promastigotes or infected cells after removing non-internalized parasites. Depending on experiment, cell viability was measured at different time points after drug exposure.
Parasite rescue and transformation assay
To survey the drug efficacy, the parasite rescue and transformation assay was used as described previously [24] . Briefly, PMA-treated/infected THP-1 cells were incubated at 37˚C alone or in the presence of different concentrations of AmB for 24 and 48 hr. Then, cells were lysed by RPMI medium containing 0.05% SDS for 30 sec to release viable amastigotes. The lysis process was stopped using Schneider's insect medium (Sigma) containing 10% hi-FCS, and viability was determined by MTT assay after 3-4 days incubation at 26˚C and transformation into promastigotes.
, and L. major EGFP-LUC at 2× 10 6 promastigote/ml in stationary growth phase were harvested, washed, and plated in 96-well flat-bottom tissue culture plates. Parasites were allowed to grow for 24 and 48 hr at 26˚C in medium alone or in the presence of various concentrations of AmB. To measure parasite viability by MTT assay, sterile MTT reagent at a final concentration of 5 mg/ml in PBS (Sigma) was added to each well and incubated at 37˚C for 4 hr to produce formazan crystals solubilized in DMSO (Sigma) for OD determination at 492 nm. Also, B10R and THP-1 cell lines infected by the stationary phase of promastigotes were incubated alone or in the presence of various concentrations of AmB for 48 hr at 37˚C. The percentage of viable cells was determined by MTT as previously described. The parasite viability at amastigote or promastigote stage was calculated using following equation: % viability = (mean treated cells/mean untreated cells) × 100.
Luciferase activity measurement
Live promastigotes of recombinant Leishmania expressing EGFP-LUC and/or cell lines infected with L. major EGFP-LUC in the presence or absent of different concentrations of AmB were cultured in 96-well flat-bottom culture plates. At different time points (24 and 48 hr), 50 μl of lysis buffer (Glo Lysis Buffer, Promega, Madison, Wisconsin, USA) was added on promastigotes for 5 min. To avoid any background luminescence from adjacent wells, the cell lysates were transferred to 96-well white plates (Brands, Germany) and incubated with the same volume of luciferin substrate (Promega) at room temperature. The luminescence signal was quantified immediately set at 1s/ well and sensitivity of 100 with top-reading mode using a luminometer/fluorimeter reader (Multimode Microplater Reader, Synergy, BioTek, Winooski, Vermont, USA). Relative infectivity was determined by comparing the relative luciferase unit (RLU) of the drug-treated cells using untreated cells as negative control. The percentage of infectivity was calculated using the following equation: % infectivity = (mean treated cells/mean untreated cells) × 100.
EGFP signal detection by flow cytometry
The THP-1 or B10R cell lines infected with recombinant parasites were treated with serial dilutions of AmB for 24 and 48 hr. Then, adherent cells were detached by cold PBS and transferred to flow cytometry tubes. The infection rate was measured by comparing the EGFP signal between treated and untreated cells (Flow Cytometer, Partec, Münster, Germany). Fifty thousand events were detected and the frequency of infected macrophages was obtained on histograms using FlowJo software (TreeStar version 7.2, Ashland, Oregon, USA).
Data analysis
Data are presented as a mean± SD of duplicate to quaternary samples in at least 3 independent experiments. GraphPad Prism version 5 software was used to calculate CC50 (the con-centration of drug necessary to prevent the growth of 50% of cells), IC50 (concentration of drug to kill 50% of parasites) and EC50 (concentration of drug necessary to remove 50% of infected cells). The student's t-test was used for all statistical analyses. Statistical differences between samples were considered significant at P < 0.05.
RESULTS
Comparison of viability and infectivity among 3 lines of parasites
The infectivity potential of the 3 different lines of parasites was compared in vitro with 2 current methods, the MTT (using human non-dividing THP-1) and NO measurement (using mouse dividing B10R cell line). The PMA-treated THP-1cells were infected with different multiplicity of infection (MOI) (1:10, 1:20, and 1:50 cell to parasite ratios) with 3 lines of parasites (2 recombinant and 1 wild-type strain). Then, the MTT was used to measure cell proliferation or survival (Fig. 1) . As shown in Fig. 1 , the level of infectivity of THP-1 was similar for all recombinant Leishmania compared with the wild-type line. Also, different MOIs showed different infectivity efficiency that was comparable between all lines. With different MOIs, 3 lines of parasites showed similar infectivity rates without significant difference (Fig. 1) .
NO detection
To understand whether the expression of reporter genes could affect NO release from macrophages, endogenous NO levels were compared as important biomarkers of macrophages to combat Leishmania infection. The B10R macrophage cell lines were separately infected with each recombinant (L. major EGFP and L. major
EGFP-LUC
) and wild-type lines as the control. The combination of inducers (IFN-γ and LPS) caused stimulated cells to potentially secrete NO in comparison with unstimulated cells or individual inducers. Cells were induced before infection with a combination of IFN-γ (10 ng/ml) and LPS (10 ng/ml), and then the NO levels were measured at 3 different time points (6, 24 , and 48 hr) post-infection. No significant difference was observed among wild-type L. major and 2 recombinant lines (Fig. 2) at any time point (11.59-20.29 after 6 hr, 24.77-29.74 after 24 hr, and 18.81-29.92 after 48 hr). There was less detectable production of NO in the early hours after infection (6 hr) compared with that produced at 24 or 48 hr (P < 0.05).
Assessment of drug susceptibility of promastigotes
To evaluate the cross reaction between expression of reporter genes and resistance gene (neomycin) included in recombinant parasites, their drug susceptibility against AmB was studied and compared with the wild-type in both growth phase of parasites. Initially, promastigotes of all 3 lines were treated (Fig. 3A, a) and 48 hr (Fig. 3A, b) was determined at 24 hr after AmB exposure as RLU (Fig. 3B,  a) , and IC50 was evaluated accordingly (Fig. 3B, b) . The result was quite comparable to the MTT test (0.07-0.1 µM). Assessment of drug susceptibility of amastigotes The AmB treatment of infected macrophages (THP-1 and B10R) with 3 lines of L. major promastigote showed that AmB inhibited the growth of all 3 lines of parasites proportional to the drug concentration (Fig. 4A) . Using the MTT test, the EC50 value for THP-1 cell infected with 3 different lines of Leishmania was similar (~2.7 µM) ( , respectively) ( Table 1) . Fluorescent microscopy also confirmed that EGFP was expressed in infected cells with both recombinant parasites (Fig.  4B) , and the infection rate was evaluated by flow cytometry. A decrease of EGFP intensity was observed using L. major EGFP-LUC , but EGFP signals were significantly lower than L. major EGFP (Fig. 5) . After 24 hr, the EGFP intensity decreased (from 0.06% in 1.35 to 0.04% in 0.07 µM). The EC50 values obtained by flow cytometry in each cell line are shown in Table 1 . The EGFP intensity was quantified with flow cytometry but its sensitivity was not enough to differentiate between different concentrations of AmB. The reduced EGFP intensity level almost removed application of EGFP in this issue. Furthermore, viability of L. major EGFP-LUC -infected cells was evaluated by measuring luciferase activity of drug-treated/in- fected cells and untreated/infected cells (as control) at 24 and 48 hr after treatment (Fig. 6A, B10R and 6B THP-1 cells). The luciferase activity correlates with amastigote survival within phagosomes of macrophages. It was shown to decrease proportionally to increase of AmB concentrations and was weakly detected at 48 hr after treatment. This decline was due to the AmB during incubation. Fig. 6A and B present the luciferase activity in B10R and THP-1 cells. The IC50 for the amastigotes obtained from luciferase activity, flow cytometry, and MTT assay are summarized in Table 1 .
DISCUSSION
Several studies about intracellular pathogenic microorganisms like Leishmania have indicated that independent reporter genes, such as GFP or luciferase, practically facilitate antimicrobial drug and cell biological activity research both in vitro and in vivo [7, 8, 20, 25, 26] . Dual reporter gene-expressing pathogens were then generated to more benefit the reporter activity [21, 22, 27] . The intensity of parasites expressing EGFP-LUC was much lower than those expressing EGFP alone due to a loss of folding of EGFP protein that has direct effects on intensity [23] . However, EGFP-LUC expressing parasites maintain their ability to be detected in vitro and in vivo. However, there is a concern whether expression of heterologous reporter genes in pathogenic cells like Leishmania could affect parasite infectivity potential. Herein, the main objective of this study was to compare the infectivity potential of 2 recombinant lines of Leishmania (L. major EGFP and L. major EGFP-LUC stably expressing EGFP or EGFP-LUC reporters, respectively) with the wild-type line. First, we evaluated the impact of stable reporter gene expression on NO as a critical macrophage product, because the production of NO metabolites by macrophages is pivotal in the elimination of parasites [28] . Following infection, macrophages are activated by IFN-γ from Th1 cells to combat parasites via induction of NOS II and NO synthesis from L-arginine. NO is a cytotoxic metabolite towards a variety of pathogens such as Leishmania [5] . In contrast, suppression of NO synthesis helps Leishmania to survival. Cytokines, such as IFN-γ alone or IFN-γ in combination with LPS stimulate the immune system to overcome parasite infections. Thus, the balance between Th1 and Th2 cytokines in directing immune responses is important for anti-leishmanial activities [29] .
NO production in B10R macrophages was evaluated at different time points after induction. Our data showed that NO production 6 hr after induction was at the lowest level and maximum levels were detected after 48 hr (Fig. 1) . Previously, Pearson et al. [30] had reported that respiratory burst happened within the first hour after phagocytosis, whereas the maximum level of NO production was detectable later (48-72 hr after infection). This could be due to a requirement for transcription and translation of an inducible NOS enzyme [3] . The NO level in cells infected with the 3 parasite lines was compared to accurately determine infectivity potential. No significant differences in NO production were detected at different times and with different inducer concentrations. Quite contrary to B10R cells, we could not detect NO production in THP-1 cell lines under the same condition (data not shown). This could be explained by low levels of NO production by human macrophage cells due to efficient intracellular scavenging by other molecules [3] .
Comparison between the 3 lines was also performed in the presence or absence of AmB as a standard drug against L. major. We used reporter signals measurement to determine the optimum drug dose for both promastigote and amastigote growth inhibition. In addition to these modern techniques, the MTT assay was used for all lines of parasites as a standard available method. For the promastigote form, no significant difference was observed between IC50 values of different lines of parasites using the MTT test, and the IC50 values were very similar (~0.16-0.29 µM) ( Table 1 ). Measuring the luciferase activity, the sensitivity of EGFP-LUC-expressing promastigotes against the AmB was 0.07-0.1 µM. In both techniques (MTT and luciferase activity), an increase in drug concentration was associated with a decrease in parasite viability or LUC activity, both of which indicated cell death. The comparison of these 2 techniques showed higher sensitivity of LUC as compared with the MTT assay. These results were consistent with other reports, which have shown that the luciferase activity is a sensitive indicator to assess parasite viability and drug selection rather than classical methods such as the MTT assay [8, 31, 32] .
To validate recombinant parasites' potential in drug assessments, dividing B10R was infected and treated with AmB. As shown in Table 1 , the EC50 value for AmB using MTT tests for all parasites ranging from 2.16 to 2.7 µM. We did not observe any difference between the 2 cell lines used. Recently, we experienced that fluorescent intensity in L. major EGFP-LUC was lower than in L. major EGFP . This could be due to the high sensitivity of EGFP protein folding. Therefore, it may not be possible to monitor comparable fluorescent intensity between these 2 parasites. Also, using luciferase measurement in cells infected with L. major EGFP-LUC , the EC50 of AmB was 0.07-0.1 µM for both cell lines.
Taken together, our results here showed that using a standard method (the MTT test), the IC50 values obtained in the promastigote form (~0.16-0.29 µM) and the EC50 obtained in the amastigote form of all 3 parasite strains (2.16-2.7 µM for both B10R and THP-1 cell) were very similar (Table 1) . However, high-throughput drug screening assays against Leishmania demand more sensitive and rapid methods. Reporter genes alone or in combination with other genes could be good surrogates for conventional methods such as the MTT. Expression of 2 reporter genes spontaneously allows monitoring and the quantifying of live parasites by different systems, although the expression of 1 of the 2 genes might be slightly weaker. Thus, we suggest that L. major EGFP-LUC may be more appropriate for drug screening study than the wild-type strain or L. major EGFP . Ashutosh et al. [8] reported that L. donovani episomally expressing LUC not only keeps the infectivity potential in macrophages but also presented higher sensitivity in comparison with conventional methods like the MTT test. Reimão et al. [33] confirmed that the EC50 value of AmB against promastigotes and amastigotes of recombinant L. amazonensis lines expressing the luciferase gene was in concordance with the values obtained for wild-type strain.
Here, we confirmed that there was no significant observable difference in infectivity rate and sensitivity against AmB and NO levels between the 3 lines of parasites. Of course, it remains to characterize the role of these reporter genes in animal models. Our results clearly revealed that stable expression of 1 or 2 reporter genes has no biological effects on the potential of Leishmania to infect and survive within macrophages. This suggests that these recombinant parasites could be used successfully in in vitro experiments especially for drug screening and vaccine studies in high throughput systems.
